chlD mutants of Escherichia coli lack active nitrate reductase but form normal levels of this enzyme when the medium is supplemented with M molybdate. When chlD mutants were grown in unsupplemented medium and then incubated with molybdate in the presence of chloramphenicol, they formed about 5% the normal level of nitrate reductase. Some chlD mutants or the wild type grown in medium supplemented with tungstate accumulated an inactive protein which was electrophoretically identical to active nitrate reductase. Addition of molybdate to those cells in the presence of chloramphenicol-resulted in the formation of fully induced levels of nitrate reductase. Two chlD mutants, including a deletion mutant, failed to accumulate the inactive protein and to form active enzyme under the same conditions. Insertion of 99Mo into the enzyme protein paralleled activation; 185W could not be demonstrated to be associated with the accumulated inactive protein. The rates of activation of nitrate reductase at varying molybdate concentrations indicated that the chlD gene product facilitates the activation of nitrate reductase at concentrations of molybdate found in normal growth media. At high concentrations, molybdate circumvented this function in chlD mutants and appeared to activate nitrate reductase by a mass action process. We conclude that the chlD gene plays two distinguishable roles in -the formation of nitrate reductase in E. coli. It is involved in the accumulation of fully induced levels of the nitrate reductase protein in the cell membrane and it facilitates the insertion of molybdenum to form the active enzyme.
Nitrate reduction in Escherichia coli is catalyzed under anaerobic conditions by a membrane-bound, multienzyme complex which includes formate dehydrogenase, cytochrome b, and nitrate reductase (20) .'Although the formation of this enzyme complex is known to be under the control of at least seven genes, chlA-G (2, 5) , the specific role of each of the genes has not been clearly established. One mutant class, chlD, lacks all the components of the complex but forms wild-type levels if the growth medium is supplemented with 10-3 M molybdate (4) . The chlD gene is not a structural gene for any of the components of the nitrate reductase complex since a chlD deletion mutant forms wildtype levels of the complex upon molybdate supplementation (4) . Furthermore, chlD mutants do not appear to be affected in their ability to take up molybdate at normal concentrations (4) . These results suggested that the chlD gene product is involved in some way in the processing or insertion of molybdenum into the active enzyme structure, and that high levels of molybdate circumvent the role of the chlD gene product.
The terminal enzyme, nitrate reductase, has been purified and characterized as a non-heme iron, molybdoprotein (22) . We have initiated a study of the activation of this enzyme by molybdate in an attempt to clarify the role of the chlD gene in the formation of the active complex. In preliminary studies it was not possible to demonstrate a consistent activation of nitrate reductase by molybdate in extracts of chlD mutants. Therefore, we have studied the activation process in vivo under conditions where protein synthesis is inhibited. Enzyme assay. Nitrate reductase was assayed using reduced methylviologen as the electron donor in frozen-thawed cells as previously described (21) . One (11) .
MATERIALS AND METHODS

Cultures
Enzyme activation experiments. Activation of nitrate reductase was performed in whole cells. Cells were grown in 100 ml of medium in a 200-ml tube fitted with a side arm for optical density measurements. The cultures were incubated at 37 C and constantly sparged with 95% N2-5% CO2. Growth was followed turbidimetrically using a Klett-Summerson colorimeter with a green filter. Uninoculated medium was used to zero the colorimeter. The cultures were grown to mid-log phase (60 to 80 Klett units) and chloramphenicol (50 Lg/ml) was added. After 10 to 15 min, molybdate was added to a final concentration of 10-M. Two-milliliter samples were withdrawn at various times and cooled to 0 C, and the cells were collected by centrifugation at 12,000 x g for 5 min. The cells were resuspended in 2 ml of mineral salts without chloramphenicol and frozen at -20 C overnight. The frozen cell suspensions were thawed and kept at 4 C, and 0.1-ml samples were assayed for nitrate reductase. Another portion (10 to 100 gl) was assayed directly for nitrite and was used as a correction factor in the enzyme assays.
Experiments using cells grown on tungstate were performed similarly. A 10% (vol/vol) inoculum was introduced into 400 ml of medium with sodium tungstate (10-3 M, final concentration). The cells were grown as above in a 500-ml glass bottle and, after the addition of chloramphenicol, divided into eight 50-ml aliquots, sparged with 95% N2-5% CO2 at 37 C for 5 min to equilibrate them, and then varying levels of molybdate were added. Two-milliliter samples were withdrawn, processed as above, and assayed for nitrate reductase.
Polyacrylamide gel electrophoresis. Native 7% polyacrylamide gels were prepared by the method of Davis (3) to pellet the membranes. The membrane pellet was resuspended in 50 mM potassium phosphate buffer, pH 7.0, using a glass homogenizer, and washed by pelleting them in the ultracentrifuge at 90,000 x g for 90 min. The membrane pellet from the wash was resuspended as above in a small volume (1 to 5 ml) of 100 mM tris(hydroxymethyl)aminomethane-hydrochloride buffer, pH 8.3. This membrane suspension was then subjected to a heat treatment of 60 C for 20 min. The suspension of heat-treated membranes was centrifuged at 135,000 x g for 60 min. The clear supernatant solution or "heat released" fraction was analyzed for protein content and applied to polyacrylamide gels. The gels were subjected to electrophoresis at 5 mA per gel in tris(hydroxymethyl)aminomethane-glycine buffer. Bromphenol blue was used as a tracking dye, and the protein bands were stained with Coomassie brilliant blue. Nitrate reductase activity on the gels was determined by the procedure of Sharp (K. Sharp, Ph.D. thesis, University of California at San Diego, 1974). Gels were added to tubes with a mixture of 100 mM potassium phosphate buffer, pH 7.0, 1.0% (wt/vol) KNOI3, and 10-3 M oxidized methylviologen. The tubes were made anaerobic by sparging for 2 min with argon. This mixture was allowed to equilibrate for 15 min at room temperature. At this point excess sodium dithionite was added and the gels were incubated at 37 C for 10 to 15 min. The observation of a colorless band of oxidized methylviologen in the blue background of the gels indicated enzyme activity and the position was marked with a small piece of wire. The gels were either stained for protein as above or, using a Gilson gel crusher, fractionated for determination of radioactivity.
Materials. Tryptone, nutrient broth, yeast extract, and agar were obtained from Difco Co., Detroit, Mich. All chemicals were of highest purity commercially available and used without further purification. Sephadex G-25 beads were processed by the instructions of the manufacturer (Pharmacia, Upsala, Sweden 10-3 M) were added at the points indicated by the arrows to all the cultures. Samples were withdrawn and assayed as described in the text.
Strains are indicated by the symbols: A, PK27; 0, SA242; 0, RB205-2; and A, SA242 and RB205-2 to which no molybdate was added. Table 2 ). The addition of molybdate to wildtype cells under the same conditions did not significantly alter the levels of nitrate reductase (Fig. 1) .
Tungstate has been shown to lead to the accumulation of several inactive molybdoproteins (7, 13, 15, 16) . Therefore, cells were grown in the presence of tungstate in an attempt to increase the amount of inactive nitrate reductase that could be activated by molybdate (Fig. 2) . Grown in the presence of 10-3 M tungstate, the wild-type strain PK27 had significantly reduced levels of nitrate reductase, and the chlD mutants were completely devoid of activity. In other experiments it was shown that 10-2 M tungstate could completely inhibit the formation of active nitrate reductase in the wild type; therefore, in subsequent experiments, the wild type was usually grown in 10-2 M tungstate whereas the mutants were grown in 10-3 M tungstate. Upon the removal of tungstate and the addition of chloramphenicol and In each case the specific activity reached was equivalent to full wild-type levels. Two other chlD mutants, RB133-1 and RB127-1, behaved in a similar manner. In contrast, the chlD deletion mutant and chlD mutant RB120-1 formed very little active nitrate reductase (Fig.  2) . Thus, in tungstate medium, some but not all chlD mutants accumulated large amounts of an inactive form of nitrate reductase which could be activated by molybdate in the presence of chloramphenicol.
Nitrate reductase was released from membrane fragments of E. coli by heating for 20 min at 60 C. When the heat-released fraction was subjected to gel electrophoresis, a major protein band could be detected by staining, which corresponds to the band of nitrate reductase activity detected by the procedure of Sharp (Ph.D. thesis, University of California at San Diego, 1974) outlined above. When PK27 or chlD mutants SA242 and RB205-2 were grown in the presence of 10-3 M molybdate, electrophoresis of the heat-released fractions on polyacrylamide disc gels revealed essentially equivalent amounts of the nitrate reductaseassociated protein band in each case (Fig. 3A) . When the same strains were grown in medium without the supplemental molybdate, only the wild type gave this pattern (Fig. 3B) ; the mutants yielded little or none of the corresponding protein or activity bands. When the medium was supplemented with 10-3 M tungstate, the heat-released fraction from both wild-type and mutant RB205-2 contained an inactive protein band 'corresponding to nitrate reductase, whereas the chlD deletion mutant, SA242, did not (Fig. 3C) . These results show that an inactive protein, electrophoretically identical to nitrate reductase, accumulated during growth on tungstate only in strains which can be activated by molybdate. The chlD deletion mutant failed to accumulate the inactive protein in tungstate medium and was not activated by molybdate.
To obtain direct evidence that the activation of nitrate reductase proceeds by the insertion of the point where active, cold, carrier enzyme was detected. It has been reported that tungsten can be removed from a tungsten-nitrate reductase of plant origin by electrophoresis (15, 16) . Therefore, the heat-released material was passed through a Sephadex G-25 column to determine if the 186W was in the form of small molecules, as the electrophoresis data implied, or indeed associated with protein. All the 185W eluted from the column with the fractions containing small molecules (Fig. 7) .
These findings imply that tungsten is lost fxom the enzyme at or before the heat-release step, if it is ever associated with the enzyme. Over 90% of the 185W was released from the membranes by three 1-min sonic treatments, whereas only 7% of the protein was solubilized. This treatment neither inactivated nor released active nitrate reductase to a significant degree. These data suggest that the tungsten-enzyme association is either extremely labile, or that the radioactive tungsten in the membranes is trapped in. the membranes between layers or in vesicles.
Since high levels of molybdate circumvent the defect in chlD mutants, it is clear that none of the above experiments, using 10-3 M molybdate, have tested whether the chlD gene product is involved in the activation of the tungstenstabilized nitrate reductase protein by molybdate. The possible participation of the chlD gene product in this activation can only be tested at concentrations of molybdate which are restrictive to these mutants (i.e., <10-5 M) but not to the wild-type strain. Therefore the kinetics of nitrate reductase activation in both the wild-type and a chlD mutant were followed at various molybate concentrations. The responses of the two strains to lower concentrations of 'nolybdate were quite distinct. The wild-type cells gave the maximum rate of activation with 10-6 M molybdate (Fig. 8) , whereas the chlD mutant formed active nitrate reductase at a ['85Wjtungstate and Ks,Fe (CN)6 were detected in fractions 30 and 31, respectively. A rate which continued to increase with the molybdate concentrations up to 10-3 M (Fig. 9) . The rate of activation in the chlD mutant was directly proportional to the molybdate concentration over the whole range of concentrations tested ( Table 4 ), suggesting that activation proceeds by a mass action process in this case. In contrast, the rate of activation did not remain proportional to molybdate concentration in the case of the wild type. Instead nitrate reductase in the wild type was activated at significantly greater rates than in the mutant at low concentrations of molybdate and the process was saturated at 10-5 M, indicating that the chiD gene product plays an active role at molybdate concentrations found in the usual bacteriological media (see Table 4 ). 10- In contrast to the tungstate grown cells, chlD mutants grown in unsupplemented medium formed only 5% the wild-type level of nitrate reductase when molybdate was added in the presence of chloramphenicol. The 30-to 40-min lag in the appearance of active enzyme suggests that molybdate activation in this case is more complex than that in tungstate grown cells.
DISCUSSION
On the basis of a study of pleiotropic mutants in Aspergillus which lack both nitrate reductase and xanthine dehydrogenase, Pateman et al. hypothesized that a common cofactor, CNX, was essential for the activities of these two enzymes and that CNX was a repressor of nitrate reductase synthesis (18) . Although no direct evidence was presented for the regulatory role, later studies (19) showed that high levels of molybdate will restore these two enzymes to normal levels in the cnxE mutants. This suggests that the cnxE locus is analogous to chlD in E. coli.
The accumulation of inactive forms of molybdoproteins in the presence of tungstate is generally believed to result from tungsten replacing molybdenum in the enzyme structures (13, 15, 16) . Although molybdenum incorporation paralleled the activation of the tungstateaccumulated inactive nitrate reductase, the presence of tungsten in the inactive protein could not be demonstrated. The failure to detect tungsten in the enzyme may be the result of an unstable tungsten-enzyme association or tungstate may promote the formation of inactive enzyme by a process not involving its association with the protein. Tungsten has been demonstrated to be associated with other inactive molybdoproteins which were formed in the presence of tungstate, including sulfite oxidase (7), xanthine oxidase (7) and nitrate reductase from spinach (15) and Chlorella (17) . In the case of spinach, tungsten dissociated from the inactive protein during electrophoresis. If tungsten is associated with inactive nitrate reductase in E. coli, it is lost during heat treatment or sonic treatment of the membrane fraction.
The results represented here are analogous to those obtained with sulfite oxidase and xanthine oxidase from rat liver by Johnson and Rajagopolan (7), with nitrogenase component I from Azotobacter by Nagatani et al. (13) , and with nitrate reductase in tobacco cells by Heimer and Filner (6) . In each case, protein synthesis was not required for activation of tungstate-accumulated inactive enzyme. However, in no case was evidence reported which implicated a gene function analogous to chlD in E. coli.
Attempts to obtain activation of the tungstate-accumulated inactive nitrate reductase in vitro have failed. Variations in molybdate levels, in supplements, or in methods of extract preparation have not produced consistent activation in vitro although low levels of activation can be obtained in some cases. Recently, Nagatani et al. (13) reported that the tungstate-inactivated form of nitrogenase component I from Azotobacter could be activated by acid-treated preparations of molybdenum containing component I although molybdate itself was inactive. Nason et al. (14) reported that acid treatment of various molybdoproteins generated a cofactor which, by insertion of molybdenum, activated the inactive form of nitrate reductase produced by nit-i mutants of Neurospora crassa. Again, free molybdate was not effective and no genetic locus analogous to the chlD gene was implicated in the process.
Insertion of molybdenum and activation of nitrate reductase may or may not be the last step in the assembly of this enzyme system. However, our failure to obtain consistent activation in cell-free extracts points out at least one difficulty in studying in vitro assembly of nitrate reductase. Reported attempts to study the formation of nitrate reductase in vitro by mixing extracts from mutants of E. coli have generally resulted in the formation of only very small amounts of nitrate reductase activity (2, 12) . Insertion of molybdenum may be one of the major obstacles to overcome in obtaining consistent and significant in vitro assembly.
